238 U nuclei interacting with a deuterium target have been investigated with the Fragment Separator (FRS) at GSI (Darmstadt) by measuring their isotopic production cross-sections and recoil velocities. The results, along with those obtained recently for spallation-evaporation fragments, provide a comprehensive analysis of the spallation nuclear productions in the reaction 238 U(1A GeV)+d. Details about the experimental performance, data reduction and results will be presented.
I. INTRODUCTION
Spallation reactions constitute nowadays one of the most extensively used processes to produce Radioactive Nuclear Beams (RNB's) upon the entire chart of the nuclides [1] . Besides their numerous technical and scientific applications (for a review see for instance Refs. [2] [3] [4] [5] [6] ), this type of reactions has recently turned out to be an optimum tool for investigating the de-excitation of hot nuclei over a wide range of temperatures and fissilities [6] [7] [8] [9] [10] .
The present paper focuses on the experimental study of the spallation-fission fragments produced in the reaction 238 U at 1A GeV with deuterium, and constitutes the complementary part of the analysis of spallationevaporation fragments presented recently by E.Casarejos et al. [11] .
Both experiments are enclosed within an extensive experimental campaign performed at GSI to determine the general inventory of nuclear fragments produced in different spallation reactions [6, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The main goal of the project was the establishment of an extensive benchmark data basis for the design of Accelerator-Driven Systems (ADS) [24, 25] and spallation-neutron sources. A restrictive requirement of these applications is the highly-precise measurement of the isotopic production cross-sections and recoil velocities of spallation-fragments.
The challenging performance of this kind of experiments motivated the use of the inverse-kinematics technique, in which the heavy-ion accelerated at relativistic energies collides with a light-nucleus target in such a way that the spallation-reaction products are emitted forward allowing thus their analysis with an in-flight magnetic separator. At present, the only laboratory offering the possibility of employing such a technique for studying uranium-induced reactions at relativistic energies the GSI [26] in Darmstadt, Germany. Details about this facility, as well as the experimental technique used to separate and identify the reaction products are presented in the first part of the paper. The second part concerns the data analysis performed to evaluate the recoil velocities and isotopic production cross-sections of the measured fission fragments. The paper ends with a compilation and general discussion of the results. An extensive analysis of these results will be presented in a forthcoming paper.
II. EXPERIMENT A. Experimental setup
In the present experiment, a 238 U primary beam was accelerated in the heavy-ion synchrotron SIS [27, 28] up to an energy of 1A GeV. The intensity, of the order of 10 7 ions/s, was continuously measured during the experiment with the secondary-electron monitor SEE-TRAM [29, 30] . After its extraction, the uranium beam impinged on a cryogenic deuterium target [31] of 201 mg/cm 2 thickness, isolated from the vacuum line by two titanium foils of 18.16 mg/cm 2 thickness each. This target was located at 1.69 m from the entrance of the Fragment Separator (FRS) [32] , so that the resulting reaction products were transmitted and measured by the separator before their β-decay. A niobium stripper foil of 60 mg/cm 2 thick was placed downstream the production target in order to maximize the fraction of fully stripped fragments. The FRS is an achromatic zero-degree in-flight separator, which consists of four independent stages with their respective image planes (see Fig. 1 ). The four stages are grouped in two symmetric dispersive areas, so that the entire device remains achromatic. Its high resolving power of 1500, determined for an emittance of 20π mm·mrad and a beam spot of 2.7 mm [32] , is achieved at the expenses of a limited acceptance in magnetic rigidity (±1.5%) and angle (15 mrad around the beam axis). According to the ion-optics of the FRS, the separation and identification of the fission fragments was performed by combining the signals measured with the standard detection setup shown in Fig. 1 :
A pair of plastic scintillators (SC2 and SC4 [33] ), placed at the second (F2) and fourth (F4) image planes were used to determine the horizontal (x direction) deflection of the transmitted nuclei and the time-of-flight from F2 to F4. Two ionization chambers (M U SIC's [34] ), placed at the end of the FRS, provided the energy loss of the nuclei. Finally, two multiwire chambers (M W 41 and M W 42 [35] ) were used to track the transmitted nuclei. All the fast-output signals were filtered by setting the CFD threshold-levels above the electronic noise and the low-amplitude signals generated by light-particles. The trigger for the data acquisition was given by the signals from the last plastic scintillator (SC4). In order to consider a valid event, a software-defined trigger condition required valid position, time-of-flight, angle and energy loss signals.
B. Separation and identification of reaction
products by the FRS
Separation of transmitted nuclei
The magnetic separation of the nuclides transmitted through the FRS was based upon the relationship between the mass-over-charge ratio A/Z of the nuclei, their magnetic rigidity Bρ, and the longitudinal component of the relativistic reduced momentum βγ:
being m 0 the nuclear mass unit and e the electron charge. For a given nucleus, its magnetic rigidity was determined from the horizontal deflection, measured with the plastic scintillator SC2 at the dispersive image plane, according to:
where x 2 is the position of the transmitted nucleus, measured in the dispersive plane F2; D 2 is the dispersion at this image plane, corresponding to the first half of the separator; and (Bρ) 0 corresponds to the magnetic rigidity of a charged particle following a central trajectory along the FRS. This latter quantity was determined by multiplying the magnetic fields of each dipole, measured with Hall probes, with the corresponding curvature radii. The longitudinal component of the reduced momentum βγ of the transmitted nuclei (or equivalently their longitudinal velocity v) was calculated by dividing the path length l covered by the ions from F2 to F4 by the timeof-flight T oF between the two plastic scintillators SC2 and SC4. In order to avoid dependences of the velocity on the angle, an angular correction from the tracking detectors M W 41 and M W 42 had to be included in the path-length l.
Together with the mass-over-charge ratio A/Z, we also determined the atomic number of each nuclide, in order to get a full identification. This quantity was deduced from the energy-loss signal ∆E measured with the ionization chambers (M U SIC s), corrected for the dependencies on the velocity of the transmitted nuclei and on the horizontal positions of the incoming nuclei at the entrance of the detector with respect to the anodes.
The final resolution attained in the separation of the reaction products is illustrated in the left panel of Fig. 2 , where the energy-loss signal is plotted against the massover-charge ratio for some selected nuclei. The figure was obtained by summing up all the fission settings measured during the experiment.
As far as the selection of transmitted nuclei is concerned, the transversal dimensions of the inner tubes of the FRS and the maximum magnetic dispersion set a limit on the range of magnetic rigidities accepted by the separator. Assuming a maximum dispersion of -6.8 cm/% at the dispersive image plane, a Bρ-acceptance of ±1.5 % was deduced from Eq. 2; those nuclei with magnetic rigidities 1.5% greater or lesser than the central value (Bρ) 0 were deflected out of the FRS beam line. This limited range of accepted Bρ's, together with the velocity spread, defined a region of A/Z values that could be measured in one single tuning (setting) of the magnetic dipoles. Since the nuclei produced in the collision of 238 U at 1A GeV with the deuterium target spread out over a wide region of atomic and mass numbers, the FRS had to be adjusted according to the magnetic rigidities of the medium-mass fission fragments to be analyzed. From the calculated values of Bρ, a central value (Bρ) 0 of the FRS was selected by properly adjusting the magnetic fields of each dipole magnet according to the curvature radii. In order to cover the region of interest, the measurements were repeated for 33 settings centered on different values of (Bρ) 0 , separated from each other in steps of 1%.
Isotopic identification
The identification of the atomic number Z for each nucleus was deduced using the energy-loss signals (∆E) of the projectile-nucleus as a reference.
The identification of mass numbers was obtained from the matrix (A/Z) − Z (Fig. 2, right) : depending on the values of the mass and atomic numbers of the nucleus, the different nuclei are located at different blobs in this matrix. The possible combinations obtained between the quantities A/Z and Z −where Z and A are integer numbers− defined a characteristic pattern in which the nuclei could be grouped within curved lines. The only line with no curvature corresponds to light nuclei with the same number of protons and neutrons (Z = N ). The next group-line on the right corresponds to nuclei with N = Z + 1, which differs a bit from a perfect vertically. If one then goes n steps to the right, the line found corresponds to the group of isotopes with N = Z + n. Thus, from the vertical group-line A = 2Z it was possible to identify the mass number of all the nuclides, since their atomic number was well known. The same rule applied to the next lines to the right (N = Z + 1, N = Z + 2, ...) in such a way that all the nuclei could be identified in mass A and atomic Z numbers. Figure 3 shows the identification matrix obtained by summing up all the different settings measured during the experiment. From this figure, about 1000 different nuclides could be identified.
III. DATA REDUCTION

A. Determination of recoil velocities
The recoil velocities of the fission fragments were evaluated in order to investigate the kinematics associated with the reaction mechanism. The spallation reaction itself is characterized by the collision of a heavy uranium projectile with a deuterium target nucleus, followed by the de-excitation of the projectile-like fragments by fission or by evaporation of light particles. The kinematics of the final fragments correspond to the convolution of the velocity distribution produced by the fast collision, and the subsequent de-excitation processes.
In the present experiment, the kinematics of the fission and evaporation fragment productions were separated by measuring the velocity distribution along the beam axis (hereafter referred to as v), filtered by the limited angular acceptance of the FRS. As discussed in Refs. [18, 36] , this limitation truncates the velocity distributions of fission and evaporation fragments in a different manner, in such a way that they could be identified from the resulting measured v distribution. By making use of Eq. values of Z and A:
where c refers to the speed of light. In order to determine the exact recoil velocities of the reaction products, the values obtained from Eq. 3 had to be corrected by the energy losses of the transmitted nuclei in the different layers of matter situated between the deuterium target and the plastic scintillator at F2 (see fig. 1 ). This correction was done by calculating the energy loss of each nucleus along the flight path from the middle of the target −where the reaction was assumed to take place on average− to the second image plane. Finally, the corrected velocities were transformed into the frame of the projectile. The accuracy of the velocity determined from Eq. 3 was mainly limited by the position resolution of the plastic scintillator SC2, ∆x 2 2 mm and the relative resolution of (Bρ) 0 , of the order of 10 which proves to be a real achievement when compared with other experimental techniques.
In order to reconstruct the v distribution of a given nucleus, the contributions measured in different magnetic settings of the FRS were summed up and normalized to the corresponding beam intensities N proj . As an example of this procedure, Fig. 4 depicts the reconstructed velocity spectra for different nuclei as a function of the mass number in form of a scatter plot. The upper and lower wings correspond to the transmitted forward-and backward-emitted fission fragments, respectively, while the central cloud represents the contribution of evaporation. The centroid of this latter distribution is slightly slowed down with respect to the velocity of the projectile, while the two external wings approach each other as the fragment charge increases. The separation between these two wings is related to the fission velocity v f iss and its reduction can be partially attributed to a decrease of the kinetic energy of the two fission partners due to momentum conservation in mass-asymmetric systems and, to a lesser degree, to the weakness of the Coulomb repulsion at large charge-asymmetries. Apart from this, the distribution of fragments produced in the two reaction mechanisms is consistent with theoretical expectations: fission fragments are mostly produced with greater neutron excess, while evaporation generally leads to nuclei along the so-called evaporation corridor, located on the neutron-deficient side of the β-stability valley. Furthermore, as the charge of the element increases, the evaporation contribution is enhanced until it becomes the dominant production mechanism.
The velocities of the fission fragments v f iss in the frame of the projectile were obtained for each isotope by fitting the measured velocity spectra to specific functions which reproduced the contribution from each reaction mechanism. Figure 5 depicts an example of the fit obtained for 83 Sr. The central peak due to the evaporation component, was described by a Gaussian function f evap (v), while the forward and backward fission peaks were best reproduced by fitting functions defined by the convolution of a Gaussian and an exponential function. Each of these functions f f f iss (v) and f b f iss (v) had four free parameters, three of which corresponded to the Gaussian components, while the fourth parameter represented the skewness of the inner tails. The spectra were fitted to a global function F (v) with eleven parameters (three from the Gaussian evaporation component and eight from the forward and backward fission fit-functions):
The spectra of nuclei produced only by fission or evaporation were well described by the functions of the specific component, only.
As can be seen in Fig. 6 , the radius of the spherical fission distribution, corresponding to the velocity of the fission fragments v f iss , could be obtained by halving the distance between the external sides of the forward and backward fission peaks, given by v f and v b :
However, the determination of v f and v b from the velocity spectra was quite complicated due to the smooth side tails of the fission peaks. Alternatively, the values of v f and v b could be expressed as a function of the most probable velocities v that corresponded to the maximum of the forward and backward fitting functions f f (v) and f b (v), according to:
and
where α f and α b are the forward and backward angles obtained by a Lorentz transformation of the angular acceptance α ef f of the FRS into the frame of the fissioning system [36, 37] . These two equations can be re-written as: and
where T f (v f iss ) and T b (v f iss ) are the v f iss -dependent transmissions of the forward-and backward-emitted fission fragments, calculated according to Ref. [36] . The idea behind Eqs. 8 and 9 was that the velocities v , obtained from the fitting functions, must be corrected using the fission velocity v f iss and the angular transmission, in order to provide the values v f and v b . Because v f iss depends on v f and v b (see Eq. 5), and T f and T b on v f iss , we used the recursive algorithm described in Ref. [36] to deduce both the forward-and backward-transmissions T f , T b , and the fission velocity v f iss . The iterative calculation of the algorithm stops when the measured velocities v There were two sources of uncertainty in the abovedescribed method: first was the determination of v from fits and second was the uncertainty of the angular acceptance value α ef f used to calculate T f and T b . The uncertainties of the former varies considerably from one nucleus to another and depends mainly on the smoothness of the velocity profile; it ranged typically from 1% to 5%, reaching in some particular cases maximum values up to 20%. Concerning the uncertainty due to α ef f , it mainly affected the velocities of fragments with rather low transmission. A careful analysis of the ion-optics and the geometry of the FRS yielded a total uncertainty for α ef f of about 4% [36] , resulting in an uncertainty for the velocities of less than 5%.
Finally, an additional source of error arose from the production of secondary reactions in the deuterium target induced by a heavy primary fission fragment. Such a process would reduce the atomic and mass numbers of the fission fragments, while slightly blurring its velocity spectra. As a consequence, the velocity distribution of the isotope can be partially contaminated by the velocities of the heavier fission fragments that underwent a secondary reaction, thus leading to a reduction of the measured values of v , as shown in Ref. [18] . This contamination was only significant for the most neutron-deficient fragments.
B. Determination of production cross-sections
In the thin-target approximation, the total production yield of a given isotope is defined by:
where N (Z, A) is the number of nuclei, with a given Z and A, measured during the experiment, and N proj is the number of beam particles. The value of N (Z, A) was obtained by integrating the measured velocity spectra for each nucleus. These spectra were partly contaminated by the fragment production on the titanium windows surrounding the cryogenic deuterium target. In order to subtract the contamination from the reactions produced in the titanium windows, all the measurements were repeated with a titanium dummy target of thickness equivalent to the target windows. The total yields Y tot (Z, A), integrated over the isotopic chains, are compared in Fig. 7 with the contribution from the titanium dummy target (or equivalently the titanium windows) Y dummy . The production cross-sections for the reaction 238 U+d were determined from:
being χ the density of deuterium nuclei integrated over the target thickness. The factor F includes the different corrections that had to be applied to the measured data due to the limitations of the experimental setup. This factor was calculated according to:
where f ef f accounts for the efficiencies of the experimental setup, f sr corresponds to the corrections that were necessary due to secondary reactions, f ch considers the charge states of the measured nuclei, f ev corrects the contamination from evaporation reactions, and f τ takes into account the dead time of the data acquisition. The calculation of these correction factors has been extensively described in previous analysis of fission-and evaporationfragment productions (see for instance Refs. [6, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ). Consequently, in the present discussion we rather restrict ourself to mention their main features.
The correction due to limitations of the efficiency f ef f included the intrinsic efficiency of the detection setup and the angular transmission of the FRS. The former was evaluated for each element by comparing the total number of valid events with the number of events detected with the M U SIC s detectors (with an efficiency of 100%). The resulting values were above 98% in most of the cases. The correction due to the limited angular transmission of the FRS was evaluated according to the method described in Ref. [36] . This method was based on the calculation of the angular acceptance α ef f and the analysis of the fission kinematics. The resulting total angular transmission varied largely from values near 100%, for heavy fragments with rather narrow angular emittance, to values around 15%, for the lightest nuclei. The uncertainty associated with this correction method arose from two different sources, namely the calculation of the angular acceptance α ef f and the analysis of the kinematics. The final transmission correction error varied significantly from about 2% to 30%, for some particular cases.
Apart from the primary reactions in the target, the beam particles and the reaction products could undergo further reactions in the different layers of matter placed along the FRS, thereby modifying the primary fragment productions. The list of possible "parasitic" targets included the accelerator window, the aluminum SEE-TRAM foils, the titanium windows surrounding the cryogenic target, a niobium stripper foil behind the target, and the plastic scintillator SC2. The probability for a given nucleus to undergo a secondary reaction was estimated by multiplying the production cross sections, ob- tained from Glauber-type model calculations [38, 39] , by the number of impinging beam particles and the number of target nuclei of the corresponding layer of matter. Most of the fragments produced in the aluminum SEETRAM foils and the accelerator window were not transmitted through the FRS due to their large distance with respect to the entrance of the separator that reduced significantly the value of α ef f . Moreover, since these contaminating targets were also present in the settings with the titanium dummy target, their contribution to the production cross sections were already subtracted according to eq. 11. The correction due to secondary reactions induced in the niobium foil and the plastic scintillator SC2 reached rather low values ranging from 10%, for the lightest elements to almost 20% for the heaviest. Furthermore, the primary fragments produced in the reaction 238 U(1A GeV)+d could undergo a secondary reaction before leaving the rather thick deuterium target. These secondary products could also induce a ternary reaction resulting in a multi-step reaction chain. The multiple reaction contaminants did not spread uniformly over the total fragment production but concentrated in some specific regions close to the evaporation corridor. In the case of fission fragments, this contamination mainly affected the neutron-deficient isotopes, gradually increasing as the neutron number decreases. In the present analysis, we used the correction method proposed by P. Napolitani et al. [40] . According to these authors, the measured productions (referred to as apparent crosssectionsσ) were formulated through a system of master equations that included the losses of fragments due to their interaction in the target and the gains due to the contamination from intermediate multiple reactions. A detailed discussion of this model and the underlying approximations used to solve the set of master equations can be found in Ref. [40] . For each given element, the correction factor was found to be constant within 5% to 7% for most of the isotopes, and to drastically drop down when approaching the neutron-deficient side, wherein the corrections reached values close to 100%.
Besides secondary nuclear reactions, the residual nuclei could also pick-up or strip-off some electrons due to the atomic interactions with the different layers of matter. The corresponding fraction of bare ions was maximized by placing a niobium stripper foil of 60 mg/cm 2 thickness behind the target. However, the charge-state configuration of the transmitted ions could change from the first to the second stage of the FRS due to the interactions with the plastic scintillator SC2. As explained in Ref. [41] , the strong correlation between the charge state of the transmitted ions and their transversal positions at the final image plane makes it possible to discriminate any charge-state change along the FRS. In order to avoid ambiguities in the charge identification, we restricted the present analysis to ions with the same chargestate configuration in both stages. Besides bare ions, this includes hydrogen-like and helium-like ions; though their extremely low fraction (less than 1%) for the range of charges covered by this analysis did not affect the final result. According to this criterion, the losses of measured nuclei which were not fully stripped in the two stages of the FRS had to be corrected. For each nucleus, the correction factor f ch was calculated with the GLOBAL code [42, 43] as the inverse of the probability to be fully stripped along the FRS, i.e. the product of the fractions of bare ions behind the niobium stripper foil (first stage) and behind the scintillator SC2 (second stage), respectively. The resulting correction factor kept always below 10% within the range of elements analyzed in the present work.
Regarding the correction due to the dead time of the data acquisition f τ , the total number of physical triggers generated by the logic of the experiment and the number of events processed by the data acquisition were counted for each setting with scalers. The ratio between both numbers provided the value of the dead time, which was around 15% for most of the settings. Furthermore, the intensity of the primary beam was checked continuously in order to keep the dead time below 30%.
Finally, since the aim of the present work was the determination of the production cross-sections of fission fragments, we had to disentangle the evaporation- reaction contributions to the measured cross-sections. By comparing the productions of all the fragments produced in the cryogenic deuterium target and the titanium dummy target we saw that the evaporation fragments measured in the former system were mainly produced in the titanium windows. However, after subtracting these contaminants, a small evaporation component was still observed in the reaction 238 U(1A GeV)+d for heavy neutron-deficient isotopes. In a former analysis of spallation-evaporation fragments produced in this reaction [11] , it was found that these nuclei populated the evaporation corridor situated on the neutron-deficient side of the chart of the nuclides, from uranium isotopes down to elements with atomic numbers about Z=58. Below this value, the evaporation component dropped quickly −though still contributing to the production of the most neutron-deficient isotopes− whereas the fission production increased very fast, specially in the neutronrich side. Therefore, we expected both reaction mechanisms to coexist in the region of light evaporation fragments, with a transition from evaporation to fission as the neutron number increases. Figure 8 illustrates this trend by showing the velocity spectra of three different cesium isotopes. The lightest and heaviest isotopes were mainly produced by evaporation and fission, respectively, while an intermediate situation was found for 125 Cs, wherein a weak evaporation component was strongly mixed with the dominant fission mechanism (see also Ref. [11] ).
The evaporation contamination to the measured fission fragments was estimated using a phenomenological model based on the two-step formalism [44] . A Glauber-type Monte-Carlo subroutine [15] was chosen to reproduce the fast interaction between the projectile and target. The evaporation stage was simulated with the statistical deexcitation ABLA code [10, 39] and the PROFI fission mass-distribution subroutine [45] . Details of these codes are well beyond the scope of the present paper; it is sufficient to mention here that the reliability of the calculations in estimating evaporation productions in the region of neutron-deficient heavy nuclei was verified by comparing their results with the evaporation cross-sections measured for some nuclei. Our estimations agreed with the experimental results within the precision requirements of the present analysis. Furthermore, the separation method discussed in reference [11] was used in the present analysis for some nuclei and compared with the technique described above. Both methods agreed within their respective uncertainties, thus demonstrating their capabilities to disentangle the two reaction mechanisms.
IV. RESULTS
A. Velocities of fission fragments Figure 9 shows the velocity distributions of the fission fragments (in the projectile frame) measured in the reaction induced in the deuterium target surrounded by the titanium windows (left) and in the titanium dummy target (right). The distributions were obtained for each element by integrating the contributions of the whole isotopic chain. In the figure, the evaporation fragments lay in a region of velocities close to that of the primary beam, while the forward-and backward-emitted fission fragments correspond to the upper and lower wings. The increase of the fission velocities as the atomic number of the fragments decreases is a natural consequence of the momentum conservation between the light and heavy fission fragments in the frame of the fissioning system.
The velocities v f iss of the fission fragments with atomic numbers ranging from Z = 23 to Z = 66 were determined according to the method described in section III. Figures 10-12 show the isotopic chains of these velocities v f iss for all the measured fragments. The numerical values, with their associated uncertainties are included in Tabs. I-VIII. As a general trend, one observes a general reduction of the average fission velocities as the charge of the fission fragments increases. This trend is explained by momentum conservation of the two fission partners: after scission, the total kinetic energy of the system (i.e. the sum of the kinetic energies of each fission partner) comes almost entirely from the Coulomb repulsion between the two nascent fragments. Due to momentum conservation, the lightest nucleus will acquire more velocity than the heavier one, thus explaining the results shown in the figures.
Regarding the trends observed for a given element the velocities reach a maximum value for the most neutronrich isotopes, then evolve through a plateau for less neutron-rich nuclei and finally decrease in the region of light isotopes. This final reduction is more pronounced in the most neutron deficient side with an abrupt decline of v f iss to values 20% below the maximum. The characteristic pattern shown in these figures was already observed in the analysis of fission fragments produced in the reaction 238 U (1A GeV)+p [18] . According to this work, the abrupt decrease of the velocities in the neutron-deficient side can be attributed, to some extent, to the contamination of secondary reactions from primary fission fragments. As discussed above, in order to estimate such an effect, we have used the model proposed by P. Napolitani et al. [40] . Those nuclei with a secondary-reaction component greater than 50% are represented in Figs. 10-12 by empty dots. As expected, they correspond to the most neutron-deficient isotopes.
In order to understand the observed isotopic dependence of the velocities, a comparison between the values measured in the present experiment and those obtained from the scission-model developed by Wilkins et al. [46] is shown in Figs. 10-12 . The different lines drawn on top of the experimental values correspond to velocities acquired by fission isotopes coming from different fissioning systems. Surprisingly, the distribution of these systems extends over a rather wide range of elements: the most neutron-rich isotopes stem from the heaviest fissioning elements including uranium, while the neutron-deficient ones are populated by lighter fissioning systems like mercury. This trend is in agreement with the Z 2 f iss /A f issdependence of the fissility: As a consequence of the low fissilities of light parent nuclei (low Z f iss ), only the most neutron-deficient isotopes (low A f iss ) have a chance for undergoing fission due to their smaller fission barriers; the residues produced by these parent nuclei populate thus the neutron-deficient side. On the contrary, the high fissilities of heavy fissioning systems are rather insensitive to a variation of the neutron number, thus extending their productions to more neutron-rich nuclei. A detailed analysis of these results will be discussed in a forthcoming paper.
B. Isotopic production cross-sections of fission fragments
The production cross-sections of 939 fission fragments measured in the present work are represented as a scatter plot on the top of the chart of the nuclides in Fig. 13 (see also Tabs. IX-XVII). They cover a region on the neutronrich side of the valley of stability, with elements ranging from vanadium to thulium. The most populated region corresponds to elements between niobium and cadmium with decreasing intensities for lower and higher atomic numbers. For most of these elements, the maximum productions span an extended flat ridge shifted by 2-3 mass units to the right side of the valley of stability. Above the doubly closed shell Z=50 N=82, an enhanced fissionfragment production is observed on the neutron-rich side. As a general trend, the isotopic chains of the fission fragments follow a wide Gaussian distribution with mean neutron numbers slightly shifted toward the neutron-rich side of the valley of stability. The maximum production covers an extended region of elements around 46 Pd, which corresponds to symmetric fission. For some elements above Z=50, these Gaussian shapes display a pronounced shoulder on the neutron-rich side related to the contribution of the asymmetric fission channelsstandard I and standard II [47] by low-energy fission of nuclei close to 238 U. The polarization of the heavy asymmetric fission fragments toward the neutron-rich side, makes the lighter asymmetric partners to move toward the valley of stability, leading to a less pronounced shoulder near the maximum of the isotopic chains, as shown for elements between 33 As and 42 Mo. This double-humped structure is not observed for elements above 59 Pr and below 30 Zn.
The total fission cross-section, obtained by summing up all the individual isotopic production cross-sections was found to be 2.00±0.42 b. In order to account for the isotopes which were not measured, we extrapolated the isotopic chains shown in Figs. 14-16. The contribution from the missed residudes to the total fission cross-section was found to be negligible compared with the total uncertainty. At the present moment, fission data of uranium on deuterium are scarcely represented in the current available databases. After a systematic literature search on the EXFOR [48] database, the only measurements found corresponded to deuteron-induced fission of uranium at energies below 200 MeV [49] . A comparison of these data with our results was possible by extrapolating the former according to the systematics of Prokofiev [50] for proton-induced fission reactions. In doing so, we had to consider the two main differences between proton and deuteron reactions at these energies, namely the average double energy introduced by deuterons, due to their additional nucleon, and the higher total reaction cross-section with respect to protons. Thus, the total fission cross-section measured by Stevenson et al. [49] at 190 MeV for deuteron-induced reactions on uranium (2.49±0.05 b) was compared to the value given by Prokofiev at 2×190 MeV=380 MeV for protons (1.44 b) . The differences between these data were entirely attributed to the higher total reaction cross-section for deuterium, leading to a scaling factor of S = 2.49/1.44 = 1.73. In order to extrapolate the value of Stevenson measured at 190 MeV to 1 GeV, we multiplied the cross-section calculated by Prokofiev at 2 GeV (1.18 b) by the factor S, which yields 2.04 b. This value compares very well with our result.
The total reaction cross-sections could be determined, as well by adding the total evaporation cross-section of 0.91±0.11 b obtained by E. Casarejos [11] for the reaction 238 U(1A GeV)+d to the total fission cross-section measured in the present work. The resulting value of 2.91±0.43 b, is still compatible with the 2.51 b calculated with the Glauber-type model of P.J. Karol [38] , which assumes a Gaussian density profile with r(rms)=2.1fm for the deuteron nuclei [51] In contrast to other existing experimental techniques, the total fission cross section obtained in the present work was not a directly measured observable, but deduced by summing up the contributions from every fission fragment. The isotopic production cross-sections of the fission fragments shown in Figs. 14-16 were obtained by applying different systematic corrections to the measured yields. Some of these corrections, like the angular transmission or the secondary reactions in the target, vary considerably as a function of the atomic and mass numbers of the final nuclei, reaching very large values in some cases. Any uncertainty in the determination of these corrections affected the values of the isotopic cross-sections, and consequently the value of the total cross-section. The high level of agreement between the total fission crosssection obtained in the present work and that deduced by extrapolation of a directly measured value [49] validates the methods used to determine these corrections. The 15% difference between the measured total reaction cross-section and that calculated with Karol's model is within the uncertainty of our method.
V. CONCLUSION
In the present work, the spallation-fission fragments produced in the reaction 238 U(1A GeV) on deuterium were experimentally investigated. The results obtained from the analysis include the evaluation of the velocities and isotopic production cross-sections of 939 fission nuclei, which, together with the 602 evaporation fragments measured recently [11] , constitutes one of the most extensive inventories of spallation-reaction productions ever measured before. The elements included in both experiments spread out over an extend region in the chart of the nuclides, ranging from vanadium to thulium for the fission case, and from cerium to neptunium for evaporation.
The precisions required for the present measurements were only attainable with the heavy-ion experimental facility at GSI, Darmstadt (Germany). The uranium beam, accelerated in the Synchrotron accelerator SIS up to 1A GeV, was focused onto a cryogenic deuterium target placed at the entrance of the Fragment Separator (FRS), so that the forward-emitted fission fragments were transmitted through the separator. The optimum performance of the FRS, with a momentum resolving power of 1500, allowed the challenging separation of the reaction products, as well as their unambiguous identification according to the atomic and mass numbers.
The velocity distributions of the fission fragments were measured with relative resolutions of the order of 10 −4 . Fits to these velocity distributions allowed for the separation of the kinematics from evaporation and fission components. The results from the fits were introduced in an algorithm to extract the velocities of the fission fragment. The precisions attained with this technique ranged typically from 1% to 5%, reaching maximum values of 20% in cases of very poor statistics or high contamination from evaporation reactions. Within a given element, the isotopic dependence of the fission velocities revealed a contribution from many different fissioning systems to the total productions. Moreover, the relatively low velocities of some neutron-deficient isotopes were found to be a sign of the contamination from multiple reactions induced by primary fission fragments.
The isotopic production cross-sections of the fission fragments were measured above the lower limit of 2µb, with statistical uncertainties ranging from 1% to 5% for the majority of the measured fragments. The systematic error induced by the different corrections applied to the measured isotopic productions covers a wide range which extends from 10-20%, for most of the nuclei, to maximum values of 50% for very few cases. The main source of systematic error were the corrections that accounted for the multiple reactions in the production target and for the contamination from evaporation reactions. The maximum value of the cross-sections −around 30 mb− were found for intermediate-mass fragments around palladium. The isotopic chains of most of the fission fragments are well described by a Gaussian function with mean neutron numbers slightly shifted towards the neutron-rich side of the valley of stability. For some elements above Z=50, a second maximum shows up in the neutron-rich isotopes, revealing a sizeable population of the asymmetric fission channels by low-energy fission. When summing up the measured isotopic cross-sections, a total value of 2.00±0.42 b was found, which is in good agreement with results obtained from Glauber-type models and extrapolations from experimental values. The addition of this cross-section to the value of 0.91±0.11 b for the evaporation component [11] , yields a total value of 2.91±0.43 b, which is in good agreement with Glaubertype calculations [38] .
The richness of the present results demands a detailed discussion of the many different physical aspects underlying the investigated reaction. The authors wish to thank K.-H. Behr, A. Brüne and K. Burkard for their technical support during the experiment, as well as the group of P. Chesny, who built the liquid-hydrogen/deuterium target.
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APPENDIX A: VELOCITY AND ISOTOPIC PRODUCTION CROSS-SECTIONS OF FISSION FRAGMENTS
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